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Abstract 
The nonbonding interaction between benzene and methane, called CH-π interaction, plays an 
important role in physical, chemical, and biological fields. CH-π interaction can decrease the 
system total energy and promote the formation of special geometric configurations. This work 
investigates systemically the orbital distribution and composition of the benzene-methane 
complex for the first time using ab initio calculation based on different methods and basis sets. 
Surprisingly, we find strong deformation in HOMO-4 and LUMO+2 induced by CH-π 
interaction, extending the general view that nonbonding interaction does not cause orbital change 
of molecules.  
Introduction 
In the last two decades, the benzene-methane complex has been used as a model system to 
study CH-π interaction, which is considered a weak interaction and has been found to play 
important roles in the physical, chemical, and biological properties of a variety of substances [1–
5]. An electronic spectroscopy study demonstrated that a benzene-methane cluster has an on-top 
structure where the methane molecule is located on the C6 axis of the benzene moiety to hold the 
C3 or a higher symmetry [6]. High-level ab initio calculations of the benzene-methane cluster 
confirmed that the on-top type isomer indicated by the electronic spectroscopy is the most stable 
structure, with 1.45 kcal/mol binding energy at the CCSD(T)-level calculation [7]. The zero-
point energy corrected binding energy (1.13 kcal/mol) agrees well with the experimental value 
(1.03-1.13 kcal/mol) [8]. 
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In the benzene-methane complex, the dispersion energy contributes most in typical cases, 
where the CH bond is the hydrogen donor and the C6H6 ring is the CH-acceptor [9,10]. CH-π 
interaction not only reduces the total energy and forms a special configuration of the complex 
but also changes the properties of the CH and/or π group. In 1955, Pinchas first reported the blue 
shift of the C-H stretching frequency in the IR spectra of O-substituted benzaldehydes [11]. This 
phenomenon has since been reported in many experimental [12–14] and theoretical studies [15–
18]. Besides the C-H stretching shift effect, CH-π interaction also can change the electronic 
structures of a π group. Li and Chen revealed that considerable band gaps can be opened in the 
band structures of graphene/CH4 and silicene/silicane bilayers due to the broken equivalency of 
two sublattices inducted by XH/π (X = C, Si) interactions [19]. A common view is that 
nonbonding interaction does not involve orbital interaction due to the large distance (> 3 Å) 
between molecules. To date, there has been no research addressing the impact of CH-π 
interaction on molecular orbitals (MOs). 
In the present article, for the first time, we systematically examine the MOs of the benzene-
methane complex using ab initio calculations. The results reveal that the deformation of MOs 
occurs not only in deep occupied HOMO-4 but also in unoccupied LOMO+2.  
Computational details 
The ab initio calculations of structural relaxations and electronic properties were carried out 
with the Gaussian 09 package [20]. A long-range corrected hybrid density functional ωB97X 
[21] was used to explore the configuration and interaction energy in the ground state. The hybrid 
density functional ωB97X includes 100% long-range exact exchange, applying generalized 
gradient expressions for short-range exchange. The basis set superposition error (BSSE) [22] was 
corrected for all calculations using the counterpoise method [23,24]. Different basis sets, 
including 6-311G, 6-311G*, 6-311G**, cc-pVDZ, and cc-pVTZ, were used to explore the basis 
set effect. Single point calculations were used to show the impact on orbitals of intermolecular 
interaction based on ωB97X methods. 
Results and discussion  
 
As many experimental and theoretical results have proven that the benzene-methane complex 
has an on-top type isomer configuration [6–8], we took this configuration as our model, as 
shown in the middle of Figure 1. The BSSE-corrected intermolecular interaction energies of the 
benzene-methane complex, calculated at the ωB97X level using 6-311G, 6-311G*, 6-311G**, 
and cc-pVXZ (X = D and T) to evaluate the basis set effect, are provided in Figure 1. The BSSE-
corrected interaction energy is -1.46 kcal/mol with an intermolecular distance R equal to 3.8 Å 
using 6-311G** basis sets, which is in good agreement with previous results at the CCSD(T) 
level with basis set limit [7]. Using this configuration as the input structure, the BSSE-corrected 
intermolecular interaction energy is -1.51 kcal/mol after relaxation, and the corresponding 
distance R is 3.754 Å. 
 
 
 
Figure 1. The BSSE-corrected intermolecular interaction energy of the benzene-methane system 
considered, calculated using the ωB97X method. 
Figure 2. The front molecular orbitals of the benzene-methane complex calculated by ωB97X/6-
311G** basis sets. The isosurface value is ±0.03 and the blue and yellow coloration denote 
negative and positive value, respectively. Relative orbitals of isolated benzene and methane have 
also been plotted. 
The orbital distributions of the benzene-methane complex are plotted in Figure 2 together with 
the corresponding energy levels. The results indicate that the orbital distribution of the benzene-
methane complex is not a simple superposition of benzene and methane. As shown in Figure 2, 
from HOMO-3 to LUMO+1, the contributions only come from benzene. However, for HOMO-4 
and LUMO+2, the orbitals are localized not only in benzene but also in methane. In other words, 
HOMO-4 and LUMO+2 are formed by both benzene and methane under CH-π interaction. 
Compared with the LUMO+2 of the isolated benzene, the part of LUMO+2 localized in the 
benzene of the complex has an obvious peak pointing to methane and loses its symmetry about 
the benzene plane. HOMO-4 consists of a delocalized π orbital of benzene and a σ orbital of 
methane. The distribution of the π orbital of benzene becomes smaller and the center has an 
obvious depression compared with the HOMO-4 in isolated benzene. The σ orbital of methane 
changes its orientation to the center of benzene relative to the HOMO of isolated methane. 
Moreover, the plots of the corresponding MOs of the interacting monomers at a longer distance 
(10 Å) as shown in Figure A1 clearly show that the mixture of MOs disappears, which further 
confirms that the above described orbital deformation is induced by the CH-π interaction.  
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Figure 3. a) and b) are the isosurface and the cross section of partial charge density difference 
corresponding to HOMO-4 of the benzene-methane complex, respectively. The blue region represents 
the electron donor and the yellow region represents the electron acceptor. The isosurface value is 
±0.0005. 
In occupied HOMO-4, the deformation of the orbital will cause a change in partial charge 
density, as shown in Figure 3. The calculated results indicate that the partial charge distribution 
of both benzene and methane has been changed under CH-π interaction. For benzene within the 
complex, the deformation of HOMO-4 results in a corresponding charge accumulating around 
carbon atoms. As for methane, the charge transfers in the direction of the symmetry axis of the 
complex. 
To give a detailed description of the contribution of benzene and methane and confirm the 
above results, the orbital composition of the benzene-methane complex is listed in Table 1 based 
on the ωB97X/6-311G** calculations. The results show clearly that HOMO-4 and LUMO+2 are 
contributed to by both benzene and methane. From HOMO-3 to LUMO+1, the contribution of 
methane is less than 1%. However, methane contributes 52.46% to HOMO-4 and 19.23% to 
LUMO+2. Under CH-π interaction, the frontier MOs of the complex, from HOMO-3 to 
LUMO+1, are composed completely by benzene, the deep (HOMO-4) and out (LUMO+2) MOs 
do not consist of benzene or methane only, but of both. 
 
Table 1. Orbital composition of the benzene-methane complex. 
 
HOMO-4 HOMO-3 HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2 
CH4 52.46% 0.00% 0.00% 0.20% 0.20% 0.54% 0.55% 19.23% 
C6H6 47.54% 100.00% 100.00% 99.80% 99.80% 99.46% 99.45% 80.77% 
Conclusions  
We have revealed for the first time the deformation of MOs of the benzene-methane complex, 
a representative weak interaction system. Our ab initio calculations based on a well-
demonstrated density functional method, ωB97X, and various basis sets, provide the details of 
the distribution and composition of MOs and the partial charge density difference of HOMO-4. 
From HOMO-3 to LUMO+1, the MOs of the benzene-methane complex are composed of atomic 
orbitals of benzene. However, HOMO-4 and LUMO+2 are composed of considerable 
contributions from both benzene and methane. The deformation of HOMO-4 results in a charge 
rearrangement relative to the corresponding MOs in isolated molecules. Our results demonstrate 
that CH-π interaction between benzene and methane not only reduces the total energy and forms 
a special configuration of the complex, but also affects the distribution and composition of the 
MOs. This finding enriches our understanding of weak interaction systems. 
Acknowledgements 
The work described in this paper was supported by a grant from the Research Grants Council 
of Hong Kong SAR (Project No. CityU 103913) and by the High Performance Cluster 
Computing Centre, Hong Kong Baptist University, which receives funding from the Research 
Grant Council, the University Grant Committee of HKSAR, and Hong Kong Baptist University.  
References 
[1] K. Kobayashi, Y. Asakawa, Y. Kikuchi, J. Am. Chem. Soc. 115 (1993) 2648. 
[2] S. Chowdhury, V. Joshi, A.G. Samuel, V.G. Puranik, S.S. Tavale, A. Sarkar, Organometallics 
13 (1994) 4092. 
[3] M. Nishio, Y. Umezawa, K. Honda, S. Tsuboyama, H. Suezawa, CrystEngComm 11 (2009) 
1757. 
[4] O. Takahashi, Y. Kohno, M. Nishio, Chem. Rev. 110 (2010) 6049. 
[5] C.J. Pace, D. Kim, J. Gao, Chem. Eur. J. 18 (2012) 5832. 
[6] M. Schauer, E. Bernstein, J. Chem. Phys. 82 (1985) 726. 
[7] S. Tsuzuki, K. Honda, T. Uchimaru, M. Mikami, K. Tanabe, J. Am. Chem. Soc. 122 (2000) 
3746. 
[8] K. Shibasaki, A. Fujii, N. Mikami, S. Tsuzuki, J. Phys. Chem. A 110 (2006) 4397. 
[9] M. Nishio, J. Mol. Struct. 1018 (2012) 2. 
[10] J.W.G. Bloom, R.K. Raju, S.E. Wheeler, J. Chem. Theory Comput. 8 (2012) 3167. 
[11] S. Pinchas, Anal. Chem. 27 (1955) 2. 
[12] H. Satonaka, K. Abe, M. Hirota, Bull. Chem. Soc. Jpn. 61 (1988) 2031. 
[13] J. Adcock, H. Zhang, J. Org. Chem. 60 (1995) 1999. 
[14] U. Erlekam, M. Frankowski, G. Meijer, G. von Helden, J. Chem. Phys. 124 (2006) 
171101. 
[15] P. Hobza, V. Špirko, H.L. Selzle, E.W. Schlag, J. Phys. Chem. A 5639 (1998) 4. 
[16] P. Hobza, Z. Havlas, Chem. Rev. 100 (2000) 4253. 
[17] J. Joseph, E.D. Jemmis, J. Am. Chem. Soc. 129 (2007) 4620. 
[18] J. Hermida‐Ramón, A. Graña, J. Comput. Chem. 28 (2007) 540. 
[19] Y. Li, Z. Chen, J. Phys. Chem. Lett. 4 (2013) 269. 
[20] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, G. 
Scalmani, V. Barone, B. Mennucci, G.A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H.P. 
Hratchian, A.F. Izmaylov, J. Bloino, G. Zheng, J.L. Sonnenberg, M. Had, D.J. Fox, (2009). 
[21] J.-D. Chai, M. Head-Gordon, J. Chem. Phys. 128 (2008) 084106. 
[22] B.J. Ransil, J. Chem. Phys. 34 (1961) 2109. 
[23] S. Boys, F. Bernardi, Mol. Phys. 19 (1970) 553. 
[24] D. Feller, J. Chem. Phys. 96 (1992) 6104.  
 
  
Supporting information 
 
Labels of 
orbitals R = 3.8 Å R = 10 Å 
 
 
Labels of 
orbitals R = 3.8 Å R = 10 Å 
LUMO+2 
  
 HOMO-1 
  
LUMO+1 
  
 HOMO-2 
  
LUMO 
  
 HOMO-3 
  
HOMO 
  
 HOMO-4 
  
 
Figure A1. Front occupied orbitals of benzene-methane complex. R is the intermolecular 
distance between carbon atom of methane and center of benzene. 
 
 
 
 
 
 
